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Abstract 
The most important property of austenitic stainless steels is corrosion resistance. In these steels, the transition between 
paramagnetic and ferromagnetic conditions occurs at low temperatures. Therefore, the use of austenitic stainless steels in conditions 
in which ferromagnetism absence is important can be considered. On the other hand, the formation of strain-induced martensite is 
detected when austenitic stainless steels are deformed as well as machined. The strain-induced martensite formed especially in the 
machining process is not uniform through the chip and its formation can also be related to the Md temperature. Therefore, both the 
temperature distribution and the gradient during the cutting and chip formation are important to identify regions in which martensite 
formation is propitiated. The main objective here is evaluate the strain-induced martensite formation throughout machining by 
observing microstructural features and comparing these to thermal results obtained through finite element method analysis. Results 
show that thermal analysis can give support to the martensite identified in the microstructural analysis. 
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1. Introduction 
 Austenitic stainless steels are widely used in industry 
due to both corrosion resistance and absence of 
ferromagnetism. On the other hand, they have poor 
machinability, which is related to their high 
workhardening and low thermal conductivity [1].  
 High alloy element contents, such as Nickel and 
Manganese, stabilize austenite of austenitic stainless 
steels at room temperature. Therefore, martensite 
transformation throughout cooling is suppressed in these 
steels [1]. On the other hand, energy for martensite 
formation can be supplied by plastic deformation. 
Therefore, martensite formation could be verified after 
deformation of austenitic stainless steels and this 
transformation is named strain-induced martensite (SIM) 
[2]. SIM formation either affects mechanical properties 
or processing. It is worth mentioning that strain-induced 
martensite formation is usually described as a 
deleterious effect [3]. However, its formation can have 
interesting applications to improve mechanical 
properties [4].  
SIM usually occurs below the Md temperature 
transformation and it can present two different 
crystalline structures: i) ', which is body-centred cubic 
and ferromagnetic and ii) , which is hexagonal compact 
and paramagnetic [5, 6]. Strain-induced martensite 
formation is strongly affected by alloying elements in 
austenitic stainless steels and it can also be related to 
stacking fault energy, strain, strain rates and temperature 
[1]. The determination of the Md temperature, in which a 
volume fraction of strain-induced martensite is formed 
after strain, can be calculated considering quasi-static 
conditions by means of chemical composition (wt%) [1].  
 
MnNiCrCMd o %1.8%5.9%7.1341350/30  
NCSiMo %462%2.9%5.18      (1) 
  
Where Md (30/50) is the temperature at which 50% of 
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the ’ martensite is produced after 30% true deformation 
under tensile condition. On the other hand, the SIM 
formation is difficult to be predicted throughout 
machining process due to high strain rates, whereas its 
formation can be qualitatively detected by means of a 
magnet.  
The finite element method (FEM) is a very important 
tool to compare results and also to search and to observe 
stress, strain, temperature and gradients during the 
cutting processing. Complementary techniques allow 
observing strain-induced martensite and its formation 
can be related with chip temperatures reached during 
cutting. It is worth mentioning that thermal analysis 
using FEM shows gradients of temperature and regions 
that would be susceptible to strain-induced martensite 
formation since this phase transformation is not provided 
in most of FEM software and even in analytical models 
during cutting in the machining process. Evaluation of 
SIM formation is usually carried out throughout tensile 
tests [1-6] or on the workpiece surface after machining 
[7]. Nevertheless, SIM formation probably has an effect 
on the broken chip and it can also be related to 
machinability as well as to high workhardening and 
temperature reached in the cutting region.  
The objectives of this work are: i) to detect and 
observe martensite formation in the chip obtained from 
machining; ii) to obtain the temperature distribution in 
the chip throughout machining both analytically and by 
means of the finite element method (FEM) and, iii) to 
relate strain-induced martensite formation and 
distribution with temperature gradients . 
2. Materials and Methods 
2.1. Materials 
For this study, the V304UF austenitic stainless steel 
bars (similar to an AISI 304) were used. The nominal 
chemical composition of the workpiece is displayed in 
Table 1 and the homogeneous microstructure is shown in 
Figure 1. The hardness material studied (HV30) 
measured is 140 ± 4 in the longitudinal section of the bar 
and 143 ± 2 in the transverse section. A slight 
ferromagnetism was detected by a ferritoscospe of about 
0.3. This ferromagnetism is expected due to the presence 
of ferrite remains and deformation during processing. 
Strain-induced martensite was not observed in austenitic 
bars. 
 
Table 1: Nominal chemical composition (%wt) of V304UF steel [8] 
C Si Mn P S Cr Ni 
     
18.0 
20.0 
9.0 
11.0 
 
 
Fig.1: Microstructure of AISI 304 austenitic stainless steel studied, as 
received. 
2.2. Numerical methods 
The commercial FEM software DEFORM-2DTM was 
used to simulate the orthogonal cutting process. The 
workpiece, 8 mm in length and 2 mm in height, was 
modelled using 3123 isoparametrical quadrilateral 
elements. The cutting tool, 1.5 mm in height and length, 
clearance angle of =11°, rake angle 0=6°, and edge 
radius r , was modelled as rigid and meshed with 
1947 elements. 
An elastic-plastic, Lagrangian, plane strain, thermo 
mechanical model was developed for the simulation. The 
simulation used thermal properties and material 
constitutive plasticity data available in the DEFORM-
2DTM for the AISI 304 at different temperatures and 
strain rates. 
The constitutive model to obtain the serrated chip 
morphology by the FEM simulation at elevated strains 
and temperatures has to be able to predict the thermal 
softening. Some authors [9-11] reported difficulties in 
the conventional constitutive models for thermal 
softening evaluation and, consequently the serrated chip 
morphology was not obtained. Therefore, two different 
approaches can be utilized to simulate serrated chip 
formation: i) modifying the constitutive models by 
introducing new terms to obtain the thermal softening 
and, ii) using a damage criterion to obtain the serrated 
chip formation [10,11]. 
A damage criterion was selected to predict the effect 
of tensile stress on the chip segmentation during the 
orthogonal cutting, and the formation of the serrated 
chip morphology. The Cockroft and Lathan´s damage 
criterion was used in some works [12-14]. The great 
advantage of this method is its simplicity. It is just 
necessary to obtain the constant C, while in other 
methods, such as Johnson Cook damage method [15], 
several tests have to be carried out at different 
temperatures and strain rates to obtain five constants. 
The Cockroft and Latham`s criterion is expressed as: 
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Cd
f
0
 (2) 
Where  is the principal stress, f is the effective 
strain, and C the constant damage value. 
The Tresca friction criterion was implemented based 
on the shear hypothesis.  
0m                 (3)  
The determination of the damage constant C and 
friction coefficient m was established according to an 
iterative procedure based on the results of the cutting 
forces and the chip geometry, similarly to the procedure 
used by others authors [12-14]. The model is calibrated 
by running simulations with different constant values 
and comparing the numerical results with those found 
experimentally. The friction constant established was 
m=0.9 and the damage constant was C=200. 
2.3. Model validation 
To validate the model, the results of cutting forces 
and chip thickness (h’) are compared with those obtained 
from experiments (Table 2). The results from cutting 
speeds of 100 m/min and 156 m/min are available in a 
previous work [17]. 
Table 2: Experimental and simulated chip thickness 
Cutting Speed 
(m/min) 
Experimental 
h'(mm) 
Simulation 
h' (mm) 
89 0.448 0.517 
100 0.511 0.503 
156 0.470 0.510 
 
The difference between the experimental and the 
simulated chip thickness for the different cutting speeds 
evaluated ranges between -1.57% and 15.40%. 
Figures 2 and 3 show experimental and simulated 
results for cutting and feed forces evaluated. 
 
Fig. 2. Comparison between simulation and experimental cutting 
forces. 
 
 
Fig. 3. Comparison between simulation and experimental feed forces.  
 
Simulated cutting forces (Figure 2) showed an 
agreement to experimental results. The difference 
between experiment and simulation, for 89 m/min of 
cutting speed, is 14.42%. Feed forces results (Figure 3) 
showed a higher difference between the simulation and 
experimental ones. This difference is reduced by 
increasing the cutting speed. The difference between 
experimental and numeric results is due to several 
factors, including the constitutive model, whose inputs 
were obtained from the software database. The 
constitutive model is also not able to foresee the effects 
of the local phase transformation involved in the 
process. 
The other simplification was the friction model used. 
The friction conditions existing between the tool and 
workpiece are highly complex since sticking and sliding 
occur in the tool-workpiece interface [18]. 
Considering simplifications used in the modelling 
machining cutting process, differences found between 
simulations and experiments are in accordance with 
those obtained by Maranhão and Davim [16]  
3. Results and discussion 
3.1. Strain-Induced Martensite evaluation  
Figure 4 shows the chip microstructure obtained 
during the machining tests carried out. A segmented 
morphology can be observed and regions of intense 
deformation (primary shear zone) are well defined in the 
microstructure. Therefore, they can be easily observed. 
Figure 5 displays the same chip microstructure with a 
higher magnification. A heterogeneous region was also 
observed in the microstructure and it was identified as 
strain-induced martensite. SIM is difficult to be 
measured in the chip since it corresponds to a very small 
volume fraction and the ferromagnetism is hard to be 
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evaluated. However, its morphology is characteristic, as 
observed in [19]. 
 
 
Fig. 4. Micrograph showing the chip microstructure of the austenitic 
stainless steel studied. Optical microscopy, oxalic acid electrolytic 
etching. 
 
 
Fig. 5. Micrograph showing the chip microstructure of the austenitic 
stainless steel studied. Field electron microscopy, oxalic acid 
electrolytic etching. The circumference emphasizes the martensite 
formed throughout the machining tests carried out. 
 
3.2. Temperature distribution throughout chip formation 
The average shear plane temperature (TS) can be 
calculated analytically following empirical equations 
based on Oxley’s theory [20, 21]:  
szs TTT 0  (4) 
where T0 is the room temperature,  is the percentage of 
the total shear deformation energy appearing as sensible 
heat, which can be assumed as 90%, and lastly, SZ is 
the temperature rise in the primary shear zone, which 
can be calculated as: 
pchip
ss
sz Cm
VFT )1(  (5) 
where FsVs is the work carried out in the shear zone, mchip 
chd is the chip mass per unit of time, h =  fsin r is 
the uncut chip thickness, and  is a portion of heat 
conducted to the workpiece from the shear zone, which 
is given by the equations as follows. 
)tan(log35.05.0 10 TR   for 0.4 TtanØ  (6) 
)tan(log15.03.0 10 TR  for RTtanØ>10     (7) 
where RT is the non-dimensional thermal number given 
by 
K
hVC
R cpT  (8) 
where , Cp and K are density, specific heat, and thermal 
conductivity, respectively. 
The chip formation and broken is a shear phenomena 
[17]. As a result, the highest temperatures are expected 
in the regions of intensive shear. TS temperature would 
be the highest temperature during chip formation. In this 
work, TS analytically calculated was 390.6°C. 
The analysis, conducted by the finite element 
method, showed the serrated chip formation is in 
accordance with the experiment (Figure 4). Figure 6 
shows numerical results of strain, which were obtained 
taking into account cutting and feed forces. Non-
homogenous chip morphology can be observed. There 
are high strain regions along the shearing area, and 
regions less deformed within the chip segment. 
Figure 7 displays results of temperature distribution 
throughout the machining simulation. From Figure 7, a 
non-homogeneous distribution of temperatures can be 
verified. The highest temperatures can be found in chip-
tool interface due to the friction between the tool and the 
workpiece. The region of interest in this work is the 
shear zone. Shear plane temperature in the primary shear 
zone during chip formation was calculated by the Oxley 
model (390.6oC) which is close to the temperature 
indicated in figure 7 (about 420 oC). 
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3.3. Strain-induced martensite formation and 
temperature distribuition 
By comparing the temperature gradient in the 
simulated chip (Figure 7) with the heterogeneous 
microstructure (Figure 5), it can be estimated that SIM 
formation not occurred above 250°C in the conditions 
analysed. Therefore, there is a relationship among high 
strain, temperature and SIM formation [1, 4]. However, 
the range of Md(30/50) temperatures calculated based 
on nominal chemical composition is between -28 and 
19oC, which were lower than temperatures numerically 
simulated. Therefore, the Md temperature relations 
established for quasi-static conditions do not provide 
good results and they cannot be used to indicate strain-
induced martensite formation. Microstructural 
observations made it possible to identify SIM, as can be 
observed in Figures 4 and 5.  
 
 
Fig. 6. Effective strain values showing the chip formation and the tool. 
 
 
Fig. 7. Temperature distribution showing the chip formation. 
4. Final remarks 
Strain-induced martensite formation is a widely 
known phase transformation, which is related to 
austenitic stainless steels. This phase transformation is 
not usually evaluated as thermal martensite and there is a 
lack of information about it, mainly in the machining 
process. Tensile tests are generally carried out to 
evaluate SIM formation, which depends on chemical 
composition, strain rate and temperature. Although, SIM 
can be important to describe the strain and broken chip 
of austenitic stainless steels, experimental and simulated 
results cannot also be related to the Md temperature 
model, since it describes a specific situation in quasi-
static deformation while a complex state of tensions and 
high strain rates are established during cutting 
operations. Machining process is complex and it is 
difficult to draw a conclusion relating all the parameters 
involved. The high deformation, cutting forces as well as 
temperature did not provide an evidence of SIM 
formation. On the other hand, results of FEM 
temperature taking into account experimental results and 
microstructural features made it possible to evaluate and 
to establish a relationship between regions which are 
prone to strain-induced martensite formation.  
It is worth mentioning the analysis conducted in this 
work should be related to no more than austenitic 
stainless steels, since the evaluation of stress and strain 
by means of FEM does not yet allow showing strain-
induced martensite formation. 
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